Abstract In this study, the antioxidant activities of porcine liver proteins, hydrolyzed using Alcalase Ò , papain, pepsin, or a microbial suspension of Monascus purpureus (APLH, PaPLH, PePLH, and MPLH, respectively), were investigated. The results indicated that the yield and degree of hydrolysis (DH) of hydrolysates increased with hydrolysis time. The highest yield and peptide content were obtained from APLH, whereas the DH of PaPLH was higher than that of the others. MPLH exhibited the highest 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity and reducing power, whereas APLH and PaPLH exhibited the higher ferrous ion-chelating ability than that of the MPLH. The molecular weights of all the hydrolysates were \10 kDa. The PaPLH exhibited the highest contents of total amino acids and hydrophobic amino acids. Fifteen antioxidant fractions obtained from MPLH contained one or more of the following amino acids in their sequences:
Introduction
Large quantities of by-products, such as offal, bones, blood, skin, horns, and hoofs, are annually produced by the meat industry. These meat by-products are rich sources of proteins and can serve as potential raw materials for the production of highly valuable products, including bioactive peptides and hydrolysates. Some studies have focused on the generation of bioactive peptides from meat by-products such as porcine liver [1] , porcine plasma [2] , sheep visceral mass [3] , bovine skin, and bovine liver [4, 5] . Porcine liver, a by-product of pig slaughtering, is rich in proteins and various nutrients [1] . In addition to being edible, porcine liver extract has been reported to prevent celiac syndrome, liver cirrhosis, hepatic failure, and gastrointestinal bleeding [1] . Although porcine liver has numerous advantages, it is rarely used in Taiwan. Therefore, increasing the utility and value of porcine liver is a challenge for food producers.
Monascus spp., an edible fungus, has been widely used for producing wines and other fermented foods, particularly in many Asian countries [6] . The enzyme derived from Monascus spp. is considered to be an aspartic proteinase similar to pepsin [7, 8] . It hydrolyzes proteins such as milk casein, bovine serum albumin, soybean protein, and wheat gluten. Thus, it is beneficial for processing foodstuffs [7] . Furthermore, the enzyme has also been widely reported in ancient Chinese literature to have some beneficial effects such as improving food digestion and blood circulation [6] . In Taiwan, it is regarded as a natural food additive source. Monascus spp. has been approved as an edible natural colorant and is permitted for use in foods [9] . The acid proteinase from Monascus anka has been applied to degrade soybean protein and thereafter isolate some functional peptides [10] .
Enzymatic hydrolysis of proteins is an efficient method for recovering potent bioactive peptides. Protease specificity and concentration, temperature, pH, protein substrate, and degree of hydrolysis (DH) are the variables affecting enzymatic hydrolysis [11] . Because of their hydroxyl radical scavenging activity, 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity, 2,2 0 -azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS) radical scavenging activity, reducing power activity, and chelating effects on metal ions, these water-soluble hydrolysates (amino acids, peptides, and proteins) have been reported to exhibit antioxidant activity [12] . The hydrolysates have been investigated mainly for use in the prevention of lipid oxidation in foods [13, 14] . Antioxidant properties are intensively related to the amino acid composition, structure, and hydrophobicity of the protein hydrolysates [12] . In the Fenton reaction, H 2 O 2 was catalyzed by free metal ions (e.g., Fe 2? ) to a hydroxyl radical (HOÁ). Nevertheless, some hydrolysates can donate hydrogen atoms and bind ferrous ions, thus reducing the amount of the ferrous ions, facilitating the transformation of H 2 O 2 to H 2 O, and eventually achieving the antioxidant function [15] . Through donating protons to the electron-deficient radicals, Sarmadi and Ismail [12] suggested that peptides containing aromatic amino acids can maintain the molecular stabilities via resonance structures and thus enhance the antioxidant properties. Moreover, some hydrophobic amino acids, such as Gly, Ala, Val, Trp, Phe, Ile, Leu, Pro, and Met, showed high affinity toward radical species and unsaturated fatty acids; therefore, they could inhibit lipid peroxidation in a linoleic acid model system [16, 17] . Likewise, protein hydrolysates block the reactions between hydroperoxide and free radicals by inhibiting the oxidized intermediates of lipid peroxidation processes, thus effectively controlling lipid peroxidation [18] . Both Monascus spp. and porcine liver contain functional components; however, the combination of porcine liver proteins hydrolyzed using Monascus spp. is a new area of investigation. Therefore, the objective of this study was to evaluate the antioxidant activity properties of porcine liver hydrolysates, which were obtained using Alcalase Ò , papain, pepsin, or Monascus purpureus microbial suspension (APLH, PaPLH, PePLH, and MPLH, respectively) after various hydrolysis time (3, 6 , and 12 h).
Materials and methods
Preparation of M. purpureus microbial suspension A M. purpureus CCRC 31499 (Bioresources Collection and Research Center, Food Industry Research and Development Institute, Hsinchu, Taiwan) suspension was prepared using the method of Tseng [19] , and the strain was maintained in our laboratory. The strain was cultivated on yeast extract glucose broth medium containing 10% glucose and 0.8% yeast extract at 35°C for 7 days in a controlled environment. The inoculums were homogenized using a sterile blender at a high speed for 2 min and filtered through a No. 1 filter paper. The suspension, referred to as a crude enzyme extract, was collected and stored at 4°C for a maximum of 3 days prior to analysis.
Preparation of porcine liver hydrolysates using various proteases
Porcine liver protein hydrolysates (PLH) were prepared according to the method of Hsu [20] , with some modifications. Fresh porcine liver (50 g) was mixed with 100 mL of distilled water and then homogenized at 10,000 rpm for 1 min (NISSEI AM-12, Japan). The homogenized liver solution was heated at 95-100°C for 5 min to inactivate indigenous enzymatic activities for ensuring complete control over the enzymatic reaction. After cooling to 25°C, the solutions were adjusted to optimal pH and temperature for each enzyme: Alcalase Ò (pH 8; 50°C; Sigma Chemical Co., St. Louis, MO, USA), papain (pH 6.5; 37°C; Merck, Darmstadt, Germany), pepsin (pH 3; 37°C; Sigma Chemical Co., St. Louis, MO, USA), and microbial suspension from M. purpureus (pH 5; 37°C). Then, the homogenized liver solutions were digested using enzymes at 1% (v/w) or microbial suspensions at 20% (v/ w) for 3, 6, and 12 h. After heating at 95-100°C for 10 min to inactivate the enzymatic activities, the mixtures were centrifuged at 10,0009g for 10 min at 4°C (Himac SCR20B, Hitachi, Japan). Filtering the supernatant through a Whatman no. 1 filter paper yielded PLHs, which were used for measuring the DH, lyophilized, and stored at -20°C until further measurements.
Measurement of yields and DH of hydrolysates
The average yield of hydrolysates was calculated by determining the weight of the freeze-dried PLHs as a percentage of total fresh weight of porcine liver used [21] . The DHs of the PLHs were determined by measuring the increase in free amino groups using a picrylsulfonic acid solution according to the method of Liceaga-Gesualdo and Li-Chan [21] and were calculated as follows:
DH is defined as the ratio between the number of broken peptide bonds (h) and the total number of peptide bonds (h tot ) per protein equivalent. The h tot in a meat protein concentrate was assumed to be 7.6 meq/g [22] .
Determination of peptide content
The peptide content of the samples was determined according to the method of Church et al. [23] . The method was performed by the addition of 20 lL of lyophilized and hydrolyzed sample to 1.5 mL of o-phthaldialdehyde (OPA) reagent. The mixture was then incubated at ambient temperature for 2 min, and the absorbance was measured at 340 nm using a spectrophotometer (U-2900, Hitachi, Japan). A standard curve was prepared using the Leu-Gly dipeptide (0-10 mol/mL) and the OPA reagent.
Determination of antioxidant activities
The ferrous ion-chelating activities of the PLHs were determined using the method of Chien et al. [24] and calculated as follows: ferrous ion-chelating activity (%) = (1 -absorbance sample /absorbance control ) 9 100 at 562 nm. The reducing power was determined by reading absorbance at 700 nm [25] . The DPPH radical scavenging activity was determined using a modified method of Chien et al. [24] . The absorbance of the resulting solution was determined at 517 nm as follows:
Determination of amino acid composition and molecular weight distribution of PLHs
The amino acid compositions of the freeze-dried PLHs were determined using a modified method of You and Wu [26] . Briefly, 0.1 g of PLHs was hydrolyzed with 3 mL of 4 M methanesulfonic acid containing 0.2% 3-(2-aminoethyl) indole under vacuum at 115°C for 48 h. The total amino acids were analyzed using an Agilent 1100 HPLC system which was equipped with s ZORBAX Eclipse-AAA column (4.6 mm 9 150 mm, 3.5 lm) (Agilent Technologies, Santa Clara, CA, USA). The molecular weight distribution of PLHs was determined according to the methods of Aspmo et al. [27] with some modifications. Samples (1 lL) of the hydrolysates were analyzed using matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS; Voyager DE-PRO, Applied Biosystems, NY, USA) in the positive ion mode; however, the results were obtained in the linear mode.
Determination of antioxidant peptide sequence
The antioxidant peptide sequence of freeze-dried samples was determined according to the modified method of Petroselli et al. [28] . The samples (3 mg) were dissolved in 1 mL distilled water, and then filtered using Amicon Ò Ultra 3 K centrifugal filter units (3000 Da MWCO, Millipore, Germany). The peptide fractions were identified through liquid chromatography-tandem mass spectrometry (LC-MS/MS, Thermo LCQ DECA XP MAX system with an electrospray ionization source, ThermoScientific Inc., USA) using a linear gradient of acetonitrile from 5 to 95% containing 1% fluoroacetic acid.
Statistical analysis
The data were analyzed through the analysis of variance using Statistical Analysis Systems (Version 9.1, SAS Institute Inc., Cary, NC, USA) with a 5% level of significance. Means were separated using Scheffe's test. All analyses were conducted in triplicate and averaged.
Results and discussion

Enzymatic hydrolysis
In the present study, M. purpureus microbial suspension, Alcalase Ò , papain, and pepsin were used for the production of protein hydrolysates from porcine liver. Figure 1(A) depicts the dry weight obtained from each hydrolysate after centrifugation, filtration, and freeze-drying. The hydrolysates APLH and PaPLH exhibited higher yields than that of PePLH and MPLH. Furthermore, the yields of hydrolysates increased with the hydrolysis time. APLH hydrolyzed for 12 h produced the highest yield (20.9%), whereas MPLH hydrolyzed for 3 h exhibited the lowest yield (7.1%). Ravallec-Plé et al. [29] suggested that the amount of hydrolysates produced was a function of processing time. Figure 1 (B) illustrates the DH of each hydrolysate. PaPLH had the highest DH, followed by PePLH, APLH, and finally MPLH. PaPLH hydrolyzed for 12 h exhibited the highest DH (30.6%) and MPLH hydrolyzed for 3 h exhibited the lowest DH (0.6%) (p \ 0.05). The high DH achieved using papain was probably due to its broad substrate specificity [30] , enzyme stability [30] , and high proteolytic activity [27, 30] . In contrast, the DH of MPLH was low probably because the enzyme in this M. purpureus microbial suspension was not as pure as that of the other purified, commercially available enzymes. Therefore, lower enzyme activity in this M. purpureus microbial suspension eventually resulted in a significantly low DH (p \ 0.05). Compared with the results in this study, a high DH was observed in the study by Lakshman et al. [8] , and the high DH was probably also because of the enhancement of enzyme activity after purification of acidic proteinases from M. pilosus.
Moreover, DH increased as the hydrolysis time increased, which was consistent with other studies [8, 20] .
Similarly, strong correlations were observed between the DH and hydrolysis time (0.99, 0.93, 0.97, and 0.99, respectively, for APLH, PaPLH, PePLH, and MPLH) during hydrolysis for 3-12 h. DH, defined as the percentage of peptide bonds cleaved by protease, has been applied as an index of DH frequency. Therefore, increasing DH implies generating a large number small peptides and free amino acids [30] . Figure 1(C) depicts the increased peptide content of each hydrolysate as hydrolysis time increases.
This uptrend was also observed in the results of DH. Moreover, APLH exhibited the highest peptide content, followed by PaPLH, PeLH, and finally MPLH.
Antioxidant properties of hydrolysates
In the present study, MPLH exhibited the highest DPPH radical scavenging activity (63%), followed by PePLH (55%), and finally APLH and PaPLH (42 and 37%, respectively) at 12 h hydrolysis [ Fig. 2(A) ]. Moreover, APLH and PaPLH exhibited higher ferrous ion-chelating ability (93-96%) than that of PePLH and MPLH [ Fig. 2(B) ]. Among all the treatments, the 12 h hydrolysates exhibited the most effective ([91%) iron-chelating ability, which was comparable with that of EDTA (95%) at the same concentration of 5 mg/mL. In contrast, MPLH had a significantly higher reducing power than that of the other hydrolysates [ Fig. 2(C) ] and exhibited approximately 0.6 of the absorbance value after hydrolysis for 12 h. Overall, MPLH exhibited a high DPPH radical scavenging activity and reducing power, whereas PaPLH and APLH exhibited high ferrous ion-chelating ability. Lee et al. [31] indicated that soluble soybean protein, i.e., the water extract from Monascus fermented soybeans, contained cysteine and exhibited improved reducing power, ferrous ions-chelating ability, and scavenging ability against hydroxyl radicals. In our study, the content of cysteine in MPLH was 0.65/100 g dry sample and was higher than that of APLH and PePLH after hydrolysis for 12 h. This might be a reason that MPLH exhibited high DPPH radical scavenging activity and reducing power.
Proteases played an important role in influencing the antioxidant activity of hydrolysates because their specificity affects the amount of free amino acid, size and composition of peptides, and amino acid sequence [12] . After enzymatic hydrolysis, the numbers of ionizable groups (NH 3? and COO -) increased as hydrophobicity and the net charge increased. Simultaneously, the molecular size of the polypeptide chain decreased, and a variation of the molecular structure caused the buried hydrophobic interior to become exposed to the aqueous environment [30] . These effects enhanced the antioxidant activity of the hydrolysates. Some enzymes such as papain often cleave nonspecific sites on the hydrolysates [32] . Certain hydrophobic amino acids may not be exposed during hydrolysis because of the nonspecificity of enzymes; therefore, some functionality such as antioxidant activity may be partially lost in this hydrolysate [12, 30] .
In terms of hydrolysis time, antioxidant activities (i.e., DPPH radical scavenging activity, chelating ability, and reducing power) of MPLH, PePLH, and APLH increased as the hydrolysis time increased, whereas the antioxidant activities of PaPLH decreased as the hydrolysis time increased. A similar trend was observed in the study by Hmidet et al. [14] , in which the DPPH radical scavenging activity and metal chelating activity of cuttlefish hydrolysates were first reported to increase and then decrease during hydrolysis. The hydrolysates were hydrolyzed using crude protease from Bacillus mojavensis A21. The activity of the enzyme was influenced by reaction conditions such as hydrolysis time, pH, and temperature, thereby changing the peptide distribution and chemical properties (such as antioxidant activity) of the produced hydrolysate [30, 32] . In contrast, excessive proteolysis may result in the release of shorter peptides and free amino acids, and the hydrolysates might eventually lose their antioxidant activity [33] . Excessive hydrolysis may result from extending hydrolysis time or high activity of enzymes.
The molecular weight distribution of protein hydrolysates
In addition to DH, the type of protease, peptide structure, and performance of protein hydrolysates, including their antioxidant activities, have been reported to be associated with the molecular weight distribution of the hydrolysates [12] . The molecular weight distribution of the porcine liver hydrolysates was determined through MALDI-TOF MS. The spectra revealed that majority of the molecular weights of the hydrolysates primarily ranged from 500 to 6000 Da although the molecular weights of some of the MPLH were as high as 10,000 Da (Fig. 3) . Different proteases resulted in different peptide chain lengths and molecular sizes, which considerably affected the antioxidant activities of the hydrolysates [13] . Hsu [20] found that the small-sized peptides (\390 Da) exhibited low antioxidant activity. In this study, PaPLH hydrolyzed for 12 h showed the lowest DPPH radical scavenging activity and reducing power, which may be associated with the low molecular weight of hydrolysate.
A relationship between the molecular weight distribution of the peptide fractions and hydrolysis time for each specific enzyme was observed. For example, after hydrolysis for 12 h, low molecular weight peptide fractions of the APLH were observed than after hydrolysis for 3 and 6 h [ Fig. 3(A-C) ]. The majority of molecular weight of APLH peptide fractions ranged from 500 to 4300 Da. A similar result was observed with PaPLH. The increase in low molecular weight peptides because of the extension of hydrolysis time was consistent with the findings in other studies [34] , which indicated that low molecular weight peptides (\1.3 kDa) of defatted shrimp processing byproduct hydrolysate increased as the hydrolysis time increased. Similarly, an apparent increase in peptides with a molecular weight of 650 Da was also observed in the sardine-processing waste hydrolysates after an extended hydrolysis time [29] . In this study, the size distribution in each hydrolysate was slightly similar, with the exception of one peak corresponding to an apparent molecular weight of 6747 Da in PePLH after 12 h of hydrolysis [ Fig. 3(I) ]. 
Amino acid composition of hydrolysates
The amino acid compositions of PLHs obtained after 12 h of hydrolysis are presented in Table 1 . The total contents of amino acids of APLH, PaPLH, PePLH, and MPLH were 41.8, 70.2, 60.0, and 58.3/100 g dry sample, respectively. Some differences in amino acid contents among the four hydrolysates are associated with the hydrolysis conditions such as enzyme type, pH, and temperature [30] . The observed higher amino acid content of PaPLH could result from the high DH from papain [ Fig. 1(B) ]; therefore, a large amount of free amino acids is produced during the hydrolysis process [12] . The contents of the total hydrophobic amino acids in APLH, PaPLH, PePLH, and MPLH were 19.4, 29.4, 27.6, and 25.7/100 g dry sample, respectively. Moreover, the content of the total aromatic amino acids in APLH, PaPLH, PePLH, and MPLH was 3.75, 6.81, 6.88, and 5.28/100 g dry sample, respectively. Hydrophobic amino acids, including Gly, Ala, Val, Trp, Phe, Ile, Leu, Pro, and Met, were reported to contribute to the solubility of the peptide in lipids and to facilitate stronger interactions with radical species, thereby interfering with the propagation cycle of lipid peroxidation [12] . In contrast, aromatic amino acids (Tyr, His, Trp, and Phe) can donate protons to electrondeficient radicals and stabilize them; moreover, they can maintain the molecular stability through a resonance structure [12, 14] . In this study, PaPLH exhibited a high content of hydrophobic amino acids and aromatic amino acids, and it exhibited increased ferrous ion-chelating ability; however, MPLH exhibited an increased DPPH radical scavenging capacity and reducing power without a high content of hydrophobic amino acids and aromatic amino acids. The presence of the hydrophobic and aromatic amino acids may promote the antioxidant activity of protein hydrolysates; however, the correct positioning of amino acids in peptide sequences is also a critical factor affecting the antioxidant activity of peptides [12] . Hence, high DPPH radical scavenging capacity and reducing power of MPLH may result from the correct positioning of amino acids in the peptide sequence.
Characterization of antioxidant peptides
MPLH was further selected to determine its peptide sequence because of its high antioxidant activity. According to some research, the low molecular weight fraction (\3 kDa) exhibited the highest antioxidant activity [2] . Therefore, fractions with molecular weights \3 kDa fraction of MPLH were filtered and analyzed. The \3 kDa peptides derived from MPLH were obtained and resolved through LC-MS/MS into 15 fractions. The amino acid sequences and molecular masses of the 15 fractions are presented in Table 2 . The molecule weights of some fractions were [3 kDa because the fractions were rough filtered by an Amicon Ò Ultra 3 K centrifugal filter. The 15 fractions of MPLH contained Val, Leu, and Ala at their N-termini and Trp, Tyr, His, Pro, Gly, Phe, Met, and Cys in the sequence. Park et al. [35] noted that peptides containing Leu at their N-terminal positions exhibited the highest antioxidant activity and promoted interaction between peptides and fatty acids. Sarmadi and Ismail [12] also reported that the peptide containing Val at the N-terminal or Tyr, Trp, Ala, Pro, Met, Lys, Asp, and Cys in the sequences can exhibit antioxidant activity. Moreover, His at the N-terminal acted as a metal ion chelator and at C-terminal played a free radical scavenger in the sequences. In this study, we observed that the peptide sequences showed Leu, His, and Val at the N-terminal. All the 15 fractions contained one or plural Tyr, Trp, Ala, Pro, Met, Lys, Asp, and Cys in the sequences. It is assumed that amino acids in peptide sequences influence the antioxidant activity. Some amino acids incorporated in small peptides can improve their antioxidant properties [12] . Certainly, the 15 fractions from MPLH exhibited higher DPPH radical scavenging activity, ferrous ion-chelating ability, and reducing power when they contained those specific amino acids.
In conclusion, the yield and DH of porcine liver hydrolysates increased with hydrolysis time. Samples that were hydrolyzed using a M. purpureus microbial suspension exhibited increased DPPH scavenging activity and reducing power even at a comparatively lower yield. Methods to increase its yield should be addressed in future studies. The MALDI-TOF MS spectral analysis results indicated that molecular weight decreased as the hydrolysis time increased and the molecular weights of all hydrolysates were \10 kDa. PaPLH exhibited the highest total amino acid content and hydrophobic amino acid content among the tested hydrolysates. The 15 antioxidant fractions obtained from MPLH contained one or more of the amino acids Tyr, Trp, Ala, Pro, Met, Lys, Asp, Cys, Val, Leu, and His in their sequences. Enzymatic hydrolysis using M. purpureus can be applied for obtaining antioxidant hydrolysates from porcine liver with potential applications for preventing lipid oxidation in food products. 
